ABSTRACT: Irradiating a flame via microwave radiation is a plasma-assisted combustion (PAC) technology that can be used to modify the combustion chemical kinetics in order to improve flame stability and to delay lean blow-out. One practical implication is that combustion engines may be able to operate with leaner fuel mixtures and have an improved fuel flexibility capability including biofuels. Furthermore, this technology may assist in reducing thermoacoustic instabilities, which is a phenomenon that may severely damage the engine and increase NO X production. To further understand microwave-assisted combustion, a skeletal kinetic reaction mechanism for methane−air combustion is developed and presented. The mechanism is detailed enough to take into account relevant features, but sufficiently small to be implemented in large eddy simulations (LES) of turbulent combustion. The mechanism consists of a proposed skeletal methane−air reaction mechanism accompanied by subsets for ozone, singlet oxygen, chemionization, and electron impact reactions. The baseline skeletal methane−air mechanism contains 17 species and 42 reactions, and it predicts the ignition delay time, flame temperature, flame speed, major species, and most minor species well, in addition to the extinction strain, compared to the detailed GRI 3.0 reaction mechanism. The amended skeletal reaction mechanism consists of 27 species and 80 reactions and is developed for a reduced electric field E/N below the critical field strength (of ∼125 Td) for the formation of a microwave breakdown plasma. Both laminar and turbulent flame simulation studies are carried out with the proposed skeletal reaction mechanism. The turbulent flame studies consist of propagating planar flames in homogeneous isotropic turbulence in the reaction sheets and the flamelets in eddies regimes, and a turbulent low-swirl flame. A comparison with experimental data is performed for a turbulent low-swirl flame. The results suggest that we can influence both laminar and turbulent flames by nonthermal plasmas, based on microwave irradiation. The laminar flame speed increases more than the turbulent flame speed, but the radical pool created by the microwave irradiation significantly increases the lean blow-out limits of the turbulent flame, thus making it less vulnerable to thermoacoustic combustion oscillations. Apart from the experimental results from low-swirl flame presented here, experimental data for validation of the simulated trends are scarce, and conclusions build largely on simulation results. Analysis of chemical kinetics from simulations of laminar flames and LES on turbulent flames reveal that singlet oxygen molecule is of key importance for the increased reactivity, accompanied by production of radicals such as O and OH.
INTRODUCTION
Gas turbine power plants are one of the cornerstones in the generation of electric energy, and its role is increasing. From 1990 to 2009, the use of gaseous fuels has increased from 9% to 23% of the total electricity generation within the European Union (EU). 1 The fuel normally used in industrial gas turbines is natural gas (mainly methane), and the recent boom in shale gas development makes natural gas more abundant. Gas turbine power plants also play a crucial role for the production of electricity in the context of emission reduction targets and increased penetration of intermittent renewable energy sources. Industrial gas turbines are usually optimized for an efficient combustion of natural gas. However, there is a strong demand to be able to use other fuels, or fuel compositions, such as biogas, process gas, hydrogen diluted natural gas, and oxy-fuel. Hence, a key issue is to have significant fuel flexibility in gas turbine power plants. Since fuels have different combustion characteristics, a way of compensating for fuel variety would be required. Adding electric energy to the combustion provides an opportunity to compensate for the different combustion characteristics of different fuels, thus allowing for lean combustion with minimized emission, regardless of fuel composition. Adding electric energy to a combustion process is a promising technology, often referred to as plasma-assisted combustion (PAC). 2−5 The main idea of PAC is to add a comparatively small amount of electric energy to a flame to achieve a relatively large flame-enhancing effect that improves flame stability. The electric energy is transferred to free electrons that excite, dissociate, ionize, and heat gas molecules. Apart from employing PAC in the reforming of combustible gases or flue-gas treatment, the electric energy can be coupled directly to the flame to increase the flame speed and to stabilize the flame. Adding electric energy directly to the flame is the most attractive use of PAC with the potential to improve flame stability and to delay lean blowout, thus allowing for leaner fuel mixtures, or for use of biofuels or other fuels for which the combustion system was not originally designed or optimized. The deposition of electric energy in the flame region has greater potential than reforming, because of short-lived radicals and excited states that may not have sufficient lifetimes to be transported from the reforming zone to the combustion zone. 6 Adding electric energy via microwave radiation is particularly appealing, because the microwave radiation will be absorbed where needed as the reduced electric field will be highest where the electron density is the largest, since the chemionization occurs in the flame. As an illustration, the ion density in the flame front of an atmospheric premixed laminar propane−air flame with an equivalence ratio of ϕ = 1.2 is 4 × 10 17 m −3
. 7 Microwave radiation has been studied for PAC in various configurations. In several of these studies, the microwave radiation has been sufficiently strong to create a dielectric breakdown of the gas and thereby creating a microwave plasma, either for reforming 8 or ignition, 9−13 or for direct plasma− flame interaction. 14−19 A continuous microwave plasma is typically close to local thermodynamic equilibrium (LTE), where the electrons and molecules have approximately the same temperature. However, if the electric field of the microwave radiation is below the critical field for dielectric breakdown, a state of non-LTE can be achieved with a substantial higher temperature of the electrons, compared to the gas temperature. The approach of augmenting a combustion process by applying microwave energy to generate a non-LTE flame in an internal combustion engine was first discussed by Ward. 20, 21 Several experimental studies have been performed of microwave-stimulated flames without formation of a microwave plasma.
Hemawan et al. 22 introduced an experimental arrangement where a microwave cavity was constructed to fully enclose a premixed laminar methane/air flame. The flow rate could be altered, giving a flame power in the range of 10−40 W. The microwave source was a continuous wave (2.45 GHz and 10− 200 W) generator. They developed their arrangement into a cavity that only encloses the nozzle of the burner, with electric field enhancement at the nozzle edges. 23 Rao et al. 24−26 used this configuration to study PAC with 1−15 W of microwave radiation being absorbed in the flame. They identified three stages: (i) the electric-field-enhanced stage, (ii) the transition stage, and (iii) the full plasma stage. Only in the first stage, no microwave plasma is observed, together with increased flame speed and extended flammability limits, however, without any significant change in OH number density or flame behavior.
Sasaki et al. 27 −29 put a premixed laminar methane−air flame in a waveguide, subjected to 150−300 W of continuous microwave power at 2.45 GHz. The assembly was such that (i) there was a standing wave in the waveguide and (ii) the flame was located at a local maximum of the microwave radiation. When irradiating the flame with a microwave power of 300 W, the length of the flame decreased at the same time as the burning rate or flame speed increased by a factor of 1.19. The emission spectra of OH and CH were not affected, which can be interpreted as virtually no increase in temperature. However, a significant increase in the optical emission intensity for N 2 was found, which was interpreted as indications for electron heating in the flame. This experiment was carried out in the electric-field-enhanced stage and microwave-induced discharge was avoided. Based on the microwave radiation power, they estimated the reduced electric field to be approximately E/N ≈ 10 Td in the center of the flame. [The SI units of the reduced electric field E/N are V m 2 ; however, within the discharge physics community, the unit 1 Td = 10 −21 V m 2 = 1 zV m 2 has been introduced [Huxley, L.G.H.; Crompton, R. W.; Elford, M. T. Br. J. Appl. Phys. 1966 Phys. , 17, 1237 . The Td (Townsend) unit was introduced before the introduction of the "zepto" prefix (z). ] Zaidi et al. 30−33 studied premixed laminar flames in a waveguide, subjected to up to 4.5 kW of continuous microwave power at 2.45 GHz. The burner nozzle was flush-mounted with the waveguide wall. The electric field strength at the flame was estimated to be 0.2 MV/m at 4.5 kW of microwave power. Three fuel-air mixtures were studied: methane−air at ϕ = 0.70, propane−air at ϕ = 0.60, and ethylene−air at ϕ = 0.50, which resulted in increases of 68%, 57%, and 32%, respectively, in laminar flame speed. In addition, they presented preliminary studies of a premixed turbulent methane−air flame with a Reynolds number of Re = 3500, and ϕ = 0.80, where the turbulent flame speed was estimated to increase by 11.4% at a microwave power of 1.5 kW.
Stockman et al. 34 used a similar setup as Zaidi et al. 30−33 to study a premixed laminar methane−air wall stagnation flat flame with ϕ = 0.60−0.80, subjected to a continuous wave microwave field of 0.5 MV/m. The flame front was observed to move toward the burner nozzle and stabilize at a stand-off distance corresponding to a flame speed increase of ∼20%. No microwave discharge was observed. The post-flame temperature and OH concentration increased with microwave stimulation. For typical laminar flame conditions, an increase of 150 K in the reaction products corresponds to ∼20−40 W of absorbed microwave power, corresponding to ∼10% of the 300 W combustion power of these flames.
Stockman et al. 35 extended his studies to also contain the influence of continuous wave microwave radiation on a turbulent flame and pulsed microwave radiation on a laminar flame. In the study of the turbulent flame, a premixed methane−air flame, with Re ≈ 3500 and ϕ = 0.85, were used, where a 35% increase in flame speed was reported when using 1.4 kW of microwave power. In the preliminary study of pulsed microwave radiation on a laminar flame, a premixed methane− air flame with ϕ = 0.70−0.90 was used. Experiments with a 25 W average power, 0.1% duty cycle pulsed magnetron showed an increase of laminar flame speed of >30%.
Miles et al. 36 used similar arrangement as Stockman et al. 35 to study the effect of pulsed microwave radiation on outwardly propagating laminar methane−air flames. Peak power microwave pulses of 30 kW with a pulse length of 1−3 μs with a duty cycle of 0.001 s were used. They report that the effective flame speed is increased by 25% and that they manage to postpone lean limit extinction from ϕ = 0.55 to 0.30. However, the observed temperature increase indicates that a microwave plasma might occur during each microwave pulse. Ehn et al. 37 has recently reported on an experiment of a 30 kW turbulent premixed methane−air flame in a low-swirl burner subjected to continuous microwave radiation. The swirling turbulent flame was contained in a microwave cavity, similar to the one used in the experiments of Hemawan et al. 22 The microwave stimulation increases the chemiluminescence, as well as the post-flame temperature. Planar laser-induced fluorescence data from OH and CH 2 O show that the flame is shifted closer to the burner nozzle when the flame absorbs microwave energy. 38 The temperature increase and the shift in flame position indicate an increase in flame speed for the turbulent flame as microwaves are applied to the flame.
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Energy Fuels XXXX, XXX, XXX−XXX Development of numerical simulation models for studying electrical aspects of flames is a broad and active research area. Several numerical studies of the electric current passing through a flame caused by a weak electric field include chemical kinetic mechanisms, but without taking excitations by electron impact into account. 39, 40 In studies of high-voltage nanosecond pulses giving high E/N (E/N ≫ 100 Td) non-LTE discharges, 41 excitation, dissociation and ionization by electron impact are dominating. Only a few attempts to numerically simulate microwave-stimulated flames at intermediate E/N (below the critical field for sustained ionization), where molecules are excited by electron impact, have been published. Ju et al. 42 demonstrated an abridged numerical model for microwave-flame integration which showed that the electric field of the microwave ration could increase the flame speed by 20% at field strengths just below the critical value to sustain a microwave plasma. The predicted flame speed enhancement qualitatively agreed with experimental data, 31 but quantitatively underpredicts the observed increase in flame speed. Ju et al. 42 used the GRI1.2 mechanism completed with CH* and chemionization submechanisms. Parsey et al. 43 developed a kinetic global model framework, designed for extrapolation of the parameter space, to elucidate the key reaction pathways within nonequilibrium PAC, and their roles in the combustion process. Of key importance is the ability to determine possible system-dependent reaction mechanism augmentation and specific reaction selectivity. In the model, kinetic plasma and gas-phase chemistry are coupled with a compressible gas flow model and solved with iterative feedback to match conditions from experiments. The model is applied to a microwave-assisted jet flame. It is observed that, as the reaction mechanism become more complex, the limits of available data will begin to limit the model, requiring empirical treatment of gaps in experimental data to maintain completeness of the reaction mechanism.
In summary, for microwave stimulation (below electronic breakdown) of laminar premixed methane−air flames, the increase in the reported flame speed ranges from 19% to 68%, whereas for turbulent premixed methane−air flames, the increase in the reported flame speed is in the range from 11% to 35%. In addition, the microwave radiation has been showed to lower the lean extinction limit, and therefore the technique of microwave-stimulation show promising results. Most investigations of microwave-stimulated combustion have been performed experimentally, and only a few simulation 38 include both experiments and simulations of a turbulent low-swirl flame close to the lean blow-off limit, subjected to microwave stimulation. It was shown that microwave stimulation affects flame stabilization, increase the turbulent flame speed, and the kinetics analysis indicate that singlet oxygen molecules are the dominant flame-enhancing species. A finite rate chemistry large eddy simulation (LES) model, 44−46 was used in combination with a skeletal reaction mechanism for microwave-stimulated methane−air combustion. In the present work, we extend this work by a thorough validation of the reaction mechanism and an in-depth analysis of the effect of microwave stimulation on flames in different turbulence regimes. The skeletal reaction mechanism is developed for an electric field strength of E/N < 100 Td, and takes chemionization, ozone, singlet oxygen, electron impact ionization and dissociation and electron attachment into account. The skeletal mechanism and the reaction subsets involved in the plasma chemistry are thoroughly described in Section 2, including validation simulations of laminar flames. The kinetic mechanism is employed for laminar flames (Section 3) and turbulent flames (Section 4), to examine the effect of microwave stimulation.
The application of the kinetic mechanism to laminar flame simulation studies shows how laminar flames respond to different reduced field strengths. In addition, laminar flame and ignition simulations are used to further elucidate the underlying chemical kinetics. As a first step in investigating the effect of turbulence, LES without and with microwave-stimulation of premixed flames in homogeneous isotropic turbulence at different Reynolds numbers is studied. Finally, the low-swirl flame from our previous work 38 is analyzed with a new approach to yield information on increase of turbulent flame speed from experiments, as well as simulations. A discussion is comprised focusing on analyzing the results in comparison with the existing experimental data and the assumptions and simplifications made in order to develop this model.
SKELETAL MICROWAVE-ASSISTED METHANE−AIR REACTION MECHANISM
The mechanism for microwave-assisted methane−air combustion consists of a modified methane−air skeletal reaction mechanism, together with additional reaction sets for ozone, chemionization, singlet oxygen, electron impact, and electron attachment reactions. All in all, the reaction mechanism consists of 80 irreversible reactions, and will henceforth be referenced as Z80. The reaction mechanism is designed to be small enough to be used in LES but sufficiently large to include the chemistry of importance for accurate prediction of flame properties, 44 including the additional chemistry resulting from microwave stimulation. The full mechanism is listed in Tables 1 and 2 , except for values of the reaction rates of electron impact reactions, since they are dependent on the reduced electrical field strength, E/N, described in section 2.5. The baseline skeletal reaction mechanism for methane−air combustion consist of 42 irreversible reactions and is developed by comparison with the well-established GRI 3.0 mechanism for natural gas combustion. 45 The main targets during the mechanism development are the laminar flame speed (s u ) and the flame temperature (T flame ) at 1 atm and 300 K. The ability and (red trace) GRI 3.0. 45 Open diamonds ( ◇ ̅ ) with error bars represent experimental data from Goswami et al. 49 Energy & Fuels of the mechanism to accurately predict these properties is essential since they are important for the connection of kinetics to turbulence and flow. Secondary targets for mechanism development were major species profiles and ignition delay time (τ ign ), while minor species and intermediates as well as the extinction strain rate (σ ext ) were used for validation purposes. Here, the mechanism is discussed and validated by first focusing on the methane−air baseline mechanism, then successively adding subsets of reactions relevant to the microwave-assisted combustion. Experimental data or reliable detailed kinetics models do not exist for all conditions targeted. When possible, available experimental or theoretical works are used as guides for the model development and validation of the different subsets. Simulations for validation of the different reaction subsets and the final mechanisms were performed using CHEMKIN. 46 Mixture averaged transport properties and gradient and curvature values of 0.02 and 0.03, respectively, were used in these simulations, resulting in a grid-independent solution of ∼500 grid points.
2.1. Modified and Extended Smooke and Giovangigli Methane−Air Reaction Mechanism. The methane−air reaction mechanism used in this investigation is an extended and modified version of the skeletal mechanism of Smooke and Giovangigli 47 (SG35). The SG35 mechanism provides a proper platform for methane−air combustion 44 to which further reaction sets can be added. SG35 contains the reactants, CH 4 and O 2 , the products H 2 , CO, CO 2 2 are not included in the SG35 mechanism but the addition of relevant reactions involving these species improve the flame-speed prediction under rich conditions and result in a more accurate prediction of CO and CO 2 . In addition, CH is essential in the present work, since it couples the methane−air reaction mechanism with chemionization, via reaction 65 in Table 2 , by which free electrons (e) influence the flame chemistry. Here, seven reactions in Table  19 , 12, 13, 16, 17, 18 , and 19, which deal with CH and CH 2 reactions are added to the SG35 reaction mechanism, resulting in the Z42 reaction mechanism, including 17 species and 42 irreversible reactions. The reactions involving CH and CH 2 were adopted from GRI 3.0, 45 but with minor modifications to the reaction rates. In Z42, CH 3 + OH (reaction 9 in Table 1 ) is the only path responsible for CH 2 formation, resulting in the CH concentration peaking under fuel-rich conditions, where CH is abundant, as predicted by the GRI 3.0 mechanism.
45
Further alterations to the SG35 mechanism have been done to successfully reproduce combustion characteristics predicted by the GRI 3.0 mechanism. These modifications include adjusted pre-exponential factors for reactions 8, 14, 24, 25, 32 , and 36 in Table 1 , mainly improving the predictions of ignition delay time and flame speed profiles. The activation energy for reaction 23 in Table 1 was modified, adjusting CO and CO 2 concentrations and temperature profiles under fuel-rich conditions. Figures 1a−d compare characteristic flame properties from the detailed reaction mechanism GRI 3.0 with those of Z42, SG35, and an additional skeletal mechanism of Sher and Refael 48 (SR39). Compared to the detailed GRI 3.0 reaction mechanism, the skeletal mechanism SR39 generally shows somewhat lower reactivity, whereas SG35 generally shows somewhat higher reactivity. As previously noted by Bulat et al., 44 the SG35 mechanism overpredicts the extinction strain rates under stoichiometric conditions, and from Figure 1d , it is clear that the alterations made to produce the Z42 mechanism result in a slight underprediction instead. From Figure 1 , it is generally clear that the proposed Z42 reaction mechanism is in good agreement with the GRI 3.0 reaction mechanism for the laminar flame speed (s u ) and the flame temperature (T flame ), meaning that the results are within the expected experimental uncertainty. The proposed Z42 reaction mechanism has an overall better agreement with the GRI 3.0 mechanism, in terms of ignition delay time (τ ign ) and extinction strain rate (σ ext ), compared to the other two skeletal mechanisms. Significantly improved laminar flame behavior is observed across the entire range of equivalence ratios, compared to the baseline skeletal reaction mechanism SG35, as well as the second skeletal reaction mechanism SR39 used for comparison. Figure 2 shows the results of sensitivity analyses of Z42 and GRI 3.0 at ϕ = 0.6, 1.0, and 1.4 at 1.0 atm and 300 K. These sensitivity analyses show that the skeletal Z42 reaction mechanism and the detailed GRI 3.0 reaction mechanism have a similar set of reactions with high sensitivity. Such results are generally considered as a strong indication that the skeletal Z42 reaction mechanism captures the most important flame chemistry of the detailed GRI 3.0 reaction mechanism. The Figure 2 . Flow rate sensitivity ((a) the Z42 mechanism and (b) the GRI 3.0 mechanism) for the 10 most sensitive reactions for methane−air flames at 1 atm and 300 K at three different equivalence ratios. Table 2 , and originates from Wang et al. 50 This particular subset of reactions was used by Ehn et al., 6 in conjunction with the skeletal SG35 methane−air reaction mechanism 47 to successfully simulate O 3 -assisted turbulent combustion in a low-swirl combustor. The reactions implemented in the present mechanism were selected from the slightly larger set in ref 50 , based on the available species, together with a sensitivity analysis. Comparison with predictions using the GRI 3.0 reaction mechanism, together with the full subset of O 3 reactions from Wang et al. 50 as a reference, was first presented in ref 6 for O 3 -assisted turbulent combustion, using the SG35 reaction mechanism, together with reactions 43−55 in Table 2 . Previous studies by Wang et al., 50 among other researchers, suggest that the presence of O 3 in a methane−air flame increases the chemical reactivity, resulting in decreasing values of τ ign and increasing values of s u , whereas the parameter T flame remains virtually constant. Figures 3a and 3b present predictions of the ignition delay time (τ ign ) and the laminar flame speed (s u ) when 5% and 10% of the O 2 in the air has been converted to O 3 . The reference mechanism employed is the GRI 3.0 reaction mechanism 45 amended with the Wang et al. 50 O 3 mechanism, and, here, a comparison is made to the skeletal Z42 reaction mechanism (reactions 1−42 in Table 1) , supplemented with the O 3 reactions (reactions 43−55 in Table  2 ). Figure 3a shows that τ ign is shorter when O 3 is present, with the O 3 -amended GRI 3.0 reaction mechanism predicting smaller τ ign values than the O 3 -amended Z42 reaction mechanism. Also, s u results indicate increasing reactivity since s u is increased with O 3 present in the combustible mixture. The skeletal mechanism Z42 results in slightly lower s u predictions, compared to those of the GRI 3.0 reaction mechanism. This comparison shows that O 3 -assisted combustion can be satisfactory modeled by the O 3 -amended Z42 mechanism in Table 1 .
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2.3. Singlet Oxygen. The subset of reactions for molecular singlet oxygen chemistry consists of nine reactions (reactions 56−64 in Table 2 ). Reaction 56 is dependent on E/N and is further discussed in section 2.5, while reactions 57−64 in Table   2 are adopted from Starik et al., 51 with some modifications to the rate constants. The major excited species produced in a discharge plasma has been shown to be the ). Under the discharge plasma conditions, the reactivity of the O 2 * subset largely determines the radical pool for H, O, OH, and HO 2 , which are all important for the overall reactivity of the system. Choosing the correct reaction rate constants for the O 2 * subset is a way to accurately balance the amount of radicals under different conditions.
Rate constants for reactions of O 2 * with CH 3 (reaction 59 in Table 2 ) and CH 4 (reaction 64 in Table 2 ) are the equivalent reactions with O 2 ( 1 Δ g ) from the Starik et al. 51 mechanism. In the Z42 reaction mechanism, there are only two paths for HO 2 to be created: either from H + O 2 (reaction 32 in Table 1 Table 2 ), OH (reaction 62 in Table 2 ), and CH 4 (reaction 64 in Table 2 ). Reactions 61 and 62 in Table 2 are in addition sources of the radicals H and O, respectively. The pre-exponential factors of reaction 61 and 62 in Table 2 are given values several orders of magnitude larger than those suggested by Starik et al., 51 which enhance chain branching. Of particular importance under rich conditions is reaction 61 in Table 2 , with its production of H atoms. Sensitivity analysis has shown that the reactions of O 2 * with H (reaction 57 in Table  2 ) and CO (reaction 63 in Table 2 ) are of particular importance, promoting reactivity and thus increasing s u . For reaction 57 in Table 2 , the activation energy was doubled, and the pre-exponential factor increased by a factor of ∼4, compared to the values by Starik et al. 51 Reaction 63 in Table 2 , CO+O 2 *, was given a pre-exponential factor almost an order of magnitude higher than that suggested by Starik et al. 51 Furthermore, the activation energy is half that proposed by Starik et al., 51 which indeed is in good agreement with a more recent study of Sharipov and Starik. 53 The only reaction in the subset producing O 2 * apart from reaction 56 in Table 2 is Table 1 and reactions 43−55 in Table 2 and (red) GRI 3.0 together with the full O 3 submechanisms by Wang et al. 50 Solid lines correspond to 0% O 3 , dashed lines correspond to 5% O 3 , and dotted lines correspond to 10% O 3 .
Energy Fuels XXXX, XXX, XXX−XXX reaction 58 in Table 2 , which is the reverse of reaction 57 in Table 2 . Here, this reaction has an activation energy that is a factor of 4 higher than that suggested by Starik et al. 51 Figures 4a and 4b compare predictions of τ ign and s u from the comprehensive mechanism suggested by Starik et al. 51 and the O 2 *-amended Z42 mechanism (reactions 1−42 in Table 1 and reactions 56−64 in Table 2 ) for cases with 5% and 10% of the O 2 being in the excited state. The O 2 *-amended Z42 reaction mechanism shows the same trend in reactivity as the mechanism proposed by Starik et al., with increasing values of s u as the O 2 * fraction increases. The amended Z42 mechanism, however, predicts somewhat lower values of s u . Since this is also the case without O 2 *, and since the Z42 mechanism show better agreement with the GRI 3.0 mechanism under normal conditions, we conclude that the higher s u values of the Starik et al. 51 mechanism is a result of the different methane−air baseline mechanisms. One main difference between the two mechanisms is that the Z42 mechanism shows no significant increase in s u under rich conditions, while the Starik et al. mechanism displays a broadening of the s u Table 2 , and (green) data from Starik et al. 51 Solid lines correspond to 0% O 2 *, dashed lines correspond to 5% O 2 *, and dotted lines correspond to 10% O 2 *. Laminar flame speeds from Starik et al. 51 have been data digitized from a figure in their paper. Table 2 . Chemionization provides a background electron concentration that will exist with and without microwaves. Reaction 65 in Table 2 is generally accepted as the dominating chemionization source in flames, 54 producing one electron (e) and HCO + . The three subsequent reactions consume HCO + and the electron, resulting in the production of H and OH radicals. However, sensitivity analysis shows that, for laminar flames, this contribution to the radical pool is minor, in comparison to the singlet oxygen reaction subset under conditions that were investigated.
2.5. Reactions between Electrons and Neutral Species. Reactions between electrons and neutrals are dependent on the reduced electric field strength (E/N) and include reaction 56 in Table 2 from the singlet oxygen subset, the electron impact dissociation (reactions 69−73 in Table 2 ), and ionization reactions (reactions 74−76 in Table 2 ). These reactions supply radicals, primarily O and H, to the radical pool via collisions with free electrons (e).
The rates of these reactions have a dramatic increase at ∼40 Td (cf. Figure 5 ), but the actual rates can still be considered negligible at such low reduced electric fields.
The rate coefficients of the electron impact ionization reactions, displayed in Figure 6a , seem to have a slower increase than the rates of dissociation reactions (reactions 69−73 in Table 2 ) in Figure 6b , at lower reduced electric fields. However, the electron impact ionization has the largest impact in flame speed of the two, since ionization reactions are the main contributor to the increasing electron concentration for increasing electric field strengths. The increase in electron concentration is, in turn, increases the singlet oxygen concentration, which thereby accelerates the flame speed.
The rates for interactions between electrons and neutrals are determined from collision cross-sectional data by solving the electron Boltzmann equation using BOLSIG+. 55 Cross sections are obtained from the compilations by Morgan 56 and Phelps, 57 and all data has been downloaded from LXcat, 58 which is an open access website for collecting, displaying, and downloading electron and ion scattering cross sections, swarm parameters, reaction rates, energy distribution functions, etc. and other data required for modeling low-temperature plasmas.
In the present study, the reduced field (E/N) is below the field needed to ignite a microwave discharge (E/N > 125 Td). This means that ionizing reactions due to electron impact are few and that the number density of ions and electrons is primarily determined by the rate of the chemionization reaction, CH + O ⇒ HCO + + e (reaction 65 in Table 2 ). Chemionization is of significant importance in regions where the highest concentration of CH is found. Hence, when selecting the composition for the BOLSIG+ calculations, the composition in the region where CH is most abundant is used. The composition in this layer was determined from laminar flame calculations using the GRI 3.0 mechanism. 45 The species included in the calculation of reaction rates involving electron collisions are CH 4 , O 2 , H 2 O, CO 2 , CO, H, O, H 2 , CH 3 , CH 2 , CH, and N 2 . Except for N 2 , these species are all included in the kinetic mechanism used in the LES computations.
The presence of N 2 in an actual experiment will considerably modify the electron energy distribution, since N 2 has an efficient transfer of electron energy to low-energy vibrational states. Hence, N 2 must be included in the reaction rates calculation involving electrons. Figure 5a illustrates the difference in mean electron energy, as a function of E/N in the mixture listed above with and without N 2 . The significantly lower mean electron energy in the presence of N 2 at atmospheric concentration will affect the rates of all processes involving electron collisions. The effect of N 2 is shown in Figure 5b , where the rate for electron impact ionization of O 2 is plotted against E/N for a mixture with and without N 2 .
The electron energy is lowered by the presence of N 2 but is still ∼1.0 eV (cf. Figure 5a ), which is equivalent to an electron temperature of ∼12 kK. The flame temperature at the location where the highest concentration of CH is found is calculated to be 1.4 kK. Accordingly, the electron temperature is 1 order of magnitude higher than the flame temperature, illustrating that the applied electric field creates a state of strong non-LTE in the flame.
The rates of reaction 56 and reactions 69−76 in Table 2 , calculated using BOLSIG+, are displayed in Figures 6a and 6b , respectively. Note that the reaction rates for reactions 69−71 in Table 2 are calculated for reactions creating O − , but the reaction O − ⇒ O + e is assumed to occur instantaneously, because of the high flame temperature and, therefore, the product is considered to be O. The reaction rate of reaction 56, O 2 + e ⇒ O 2 * + e, implemented in the mechanism is decreased, compared to the value determined by BOLSIG+. In a more extensive mechanism, collisional quenching would deactivate a significant part of the excited oxygen, while, in this simplified scheme, tuning of O 2 * production is necessary. The reaction rate coefficients for reaction 56 in Table 2 used in the Z80 mechanism are reduced by a value that approximately corresponds to deactivation of excited oxygen by the reaction O 2 * + M ⇒ O 2 + M. Among the E/N-dependent reactions, a sensitivity analysis suggests that reaction 56 in Table 2 , producing O 2 * molecules, and reaction 74 in Table 2 , producing ionized O 2 molecules, are of particular importance.
2.6. Electron Attachment. The electron attachment and dissociation reaction subset consists of four reactions: reactions 77−80 in Table 2 . 59 The attachment reactions close the paths of the positive ions created by the ionization and the rates does not experience an E/N dependence. Since these reactions reduce the electron concentration, they, in effect, also reduce the radical pool and thereby act in the same way as chainterminating reactions. Sensitivity analysis shows that the most important of these reactions is reaction 77 in Table 2 , producing two O atoms.
3. MICROWAVE-ASSISTED LAMINAR FLAME SIMULATIONS The first steps toward understanding of how microwaves affect a turbulent flame is to perform laminar flame computations with the Z80 reaction mechanism listed in Table 1 Energy Fuels XXXX, XXX, XXX−XXX temperature (T flame ), extinction strain rate (σ ext ), and species profiles are affected by the electrical energy supplied by the microwave field. For these simulations, an ideal microwave mode shape is assumed, so that 100% of the supplied electrical energy is absorbed by the laminar flame. Reliable experimental microwave-assisted laminar flame speed data are very scarce, but reports indicate that s u increases between 19% and 68% (depending on conditions) under reduced electric fields, significantly below the breakdown value of ∼125 Td. For the remaining quantities of interest, no information is available.
Figures 7a and 7b respectively illustrate how s u and T flame are modified by the microwave field. Without a microwave field, i.e., for E/N = 0, the predictions from the GRI 3.0, Z42, and Z80 reaction mechanisms agree very well with each other, both for s u and for T flame , as demonstrated for GRI 3.0 and Z42 in Figure 1 . With a microwave field of 60 Td, s u and T flame are virtually unaffected, suggesting that electric field strengths of E/ N > 60 are required to influence the laminar flame. With E/N = 70 and 80 Td, respectively, the increase in s u is noticeable. Compared to the scarce experimental data discussed in the Introduction, the increase in s u found here is close to the range of s u values reported in the open literature, represented by the shaded gray area in Figure 7a , and demonstrate a strong sensitivity of E/N not reported previously. Furthermore, T flame decreases marginally when the microwave field is increasing in intensity, as best observed near stoichiometric conditions. The ignition delay time (τ ign ) in Figure 7c show that microwaves reduces τ ign for temperatures below ∼1400 K and increases it for temperatures in excess of ∼1850 K, whereas, between these two temperatures, the microwaves do not significantly influence τ ign . The influence of microwave irradiation on extinction strain rate (σ ext ), presented in Figure 7d , shows that the flame can tolerate a higher strain rate before it is extinguished. However, no significant effect is seen within the investigated range of E/ N. Figure 8a summarizes the influence of the effects of the microwave irradiation on s u by presenting the relative enhancement of s u , as a result of microwave interactions for different equivalence ratios. For E/N ≤ 70 Td, the largest increase in s u occurs in lean flames, as supported by previously published experiments 22,23,30−35 and laminar flame simulations. 42 For E/N = 80 Td, flame speed enhancements predicted here are higher than previously reported values, in particular for lean and rich flames. However, direct comparison with experimental data are not possible, mainly because the electrical field strength have not been determined in the experiments.
To elucidate the influence of different reactions and subsets of reactions, a sensitivity analysis identifying the 20 most sensitive reactions was performed for ϕ = 0.6, 1.0, and 1.4, as illustrated in Figures 8b, 8c, and 8d , respectively. For the lowest E/N, where the effect of the electric field is only significant under very lean conditions, reactions 56 and 61 in Table 2 from the singlet subset and reactions 74 and 77 in Table 2 (O 2 *) appear among the most sensitive reactions. The overall sensitivity is dominated by reaction 1 in Table 1 , as expected, in hydrocarbon flames. At E/N = 70 and 80 Td, the reactions of Table 2 ), CH 3 (reaction 59 in Table 2 ), and CO (reaction 63 in Table 2 ) becomes increasingly important. As E/N increases, the flame chemistry departs from that of a normal methane−air flame and gradually becomes dominated by reactions involving O 2 * and electrons. At E/N = 80 Td, the reaction of O 3 with O atoms (reaction 54 in Table 2 ) is among the 20 most sensitive reactions, under lean conditions, decreasing the reactivity. Since reaction 54 in Table  2 converts highly reactive species, O and O 3 , to ground-state O 2 , this is part of the reason why the increase in s u is not as high under these conditions as it is over the remaining range of E/N = 80 Td. In addition, regarding the large increase in s u under stoichiometric conditions for E/N = 80 Td, it is interesting to note here that the HO 2 chemistry becomes important when compared to lower values of E/N, where these reactions are only important under lean conditions. The influence of the microwave field in the interval from E/N = 60−80 Td does not significantly vary for the products CO, CO 2 , and H 2 O, for which the profiles are virtually identical, but with a slight increase in CO and H 2 O production for E/N = 80 Td. Under lean conditions, the concentration of H 2 is low and almost independent of the field strength, but a weak dependence on E/N can be found as the mixture becomes richer. The highest reduced electric field strengths results in the highest concentrations of H 2 under lean conditions and the lowest H 2 concentrations under rich conditions. Similarly, Figure 8c presents CH 2 O and CH and Figure 8d presents O and OH. The CH 2 O concentrations are found to increase with microwave irradiation, with a strong dependence on E/N under lean and rich conditions. For E/N = 80 Td, the shape of the CH 2 O profile is similar to the s u enhancement found in Figure  7a . Similarly, CH increases as the microwave field is applied, with the main influence occurring under slightly rich conditions. The concentrations of the radicals O and OH are not strongly affected when microwave field is applied but there is an overall trend that they increase with higher E/N and that the increase is more significant under lean conditions. From Figure 8 , one can summarize these results in that, under lean conditions, microwave irradiation significantly affect the concentrations of CH, H 2 , CH 2 O, and O, thereby also influencing s u .
Figures 10a and 10b show typical reactions path diagrams for carbon-and oxygen-containing species for the proposed Z80 reaction mechanism with microwave irradiation. Figure 10a shows how the main reaction paths for carbon species is from CH 4 via CH 3 , CH 2 O/CH 3 O, and HCO, just as for normal methane−air combustion, but the paths via CH 2 and CH also Energy Fuels XXXX, XXX, XXX−XXX play a significant role, as well as the production of ions CH 4 + , CH 3 + , and HCO + . The importance of CH 2 /CH chemistry is evident, since these species form a reaction path without CH 2 O/CH 3 O being available. This reaction pathway is an example of chemistry that is not commonly included in simple mechanisms but is of key importance to microwave-enhanced combustion. Similarly, the reaction path diagram based on oxygen is presented in Figure 10b and reveals an almost-similar importance of O, OH, and O 2 * and the coupling of these radicals to the major carbon-containing species.
MICROWAVE-ASSISTED TURBULENT FLAMES
The next step toward gaining a deeper understanding of how microwaves may influence a flame is to perform turbulent flame simulations with the Z80 reaction mechanism. This is a challenging task, since turbulence effects also need to be taken into account, which implies full three-dimensional (3D) computations, including, directly or indirectly, the extreme ranges of eddy scales associated with turbulence (see ref 60 and references therein). Turbulent flame simulations can either be performed with direct numerical simulations (DNS) in which all turbulent and flame scales are resolved, making this approach very expensive, 61 or using turbulence modeling methods such as LES. 60, 62, 63 For practical turbulent combustion simulations, LES is the most appropriate tool; however, for fundamental physics studies, both DNS and LES are suitable. Here, we have chosen to use a finite rate LES model, 60, 62, 63 since it can directly accommodate the combustion chemistry of Section 2, while still being computationally affordable for simulations of a low-swirl flame. Results without and with Energy Fuels XXXX, XXX, XXX−XXX microwave irradiation will first be discussed for planar premixed flames developing in homogeneous isotropic turbulence at different Reynolds numbers. Furthermore, analysis and results of experimental and computational data will be discussed (section 4.3), in terms of flame speed enhancement in a lowswirl burner configuration. This is an extended investigation of a previously presented study where changes in concentration distributions of OH and CH 2 O were analyzed under different conditions. 43 4.1. Finite Rate Chemistry Large Eddy Simulation (LES) Model. The reactive flow equations are the balance equations of mass, momentum, and energy describing convection, diffusion, and chemical reactions. 60 LES is based on a separation of scales, which is accomplished by spatial lowpass filtering. Physical processes occurring on scales larger than the filter width (Δ) are resolved, whereas physics occurring on scales smaller than Δ are modeled by subgrid models. 60, 62, 63 For a linear viscous mixture with Fourier heat conduction and Fickian diffusion, the LES equations result from filtering the reactive flow equations, so that 
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in which ρ ̅ is the filtered density, ṽthe velocity, T̃the temperature, and Yĩ the mass fraction of species i. D is the rateof-strain tensor:
The filtered pressure is p ̅ ≈ ρ ̅ RT, in which R is the (composition-dependent) gas constant. The mixture is described by the viscosity (μ) and the species and thermal diffusivities D i = μ/Sc i and κ = μ/Pr (where Sc i and Pr are the Schmidt and Prandtl numbers, respectively). The total energy,
is composed of the internal energy ε̃(ε̃=
, and the subgrid kinetic energy (k). The chemical kinetics of a generic reaction mechanism, P ji r ℑ i ⇔ P ji p ℑ i , in which ℑ i represents species i, enters eq 1 by means of the filtered species reaction rate (ẇ i = M i P ijẇ j , in whichẇ j represents the Arrhenius reaction rates (ẇ j = A j T n j e −T A /T Π k=1 N (ρY k ) b k ), P ji = P ji r − P ji p the stoichiometric coefficients, M i the species molar mass, A j the pre-exponential factors, T A,j the activation temperatures, n j the temperature exponent, and b j the reaction orders for reaction j.
The subgrid flow physics is concealed in the subgrid stress and flux terms B = ρ ̅ (v⊗̃v − v⊗v), 60 that are modeled here, using mixed models, 63, 64 so that
which the subgrid viscosity μ = c k Δk 1/2 is found using an equation for k taken from Yoshizawa et al. 64 and Sc t = Pr t = 0.7. A near-wall model 65 is used to adjust the values of k and ν k at the wall so that the log-law is satisfied.
Here, the filtered reaction rates are modeled using a heterogeneous multiscale method of the first generation, i.e., the partially stirred reactor LES model (LES-PaSR), 66 whereby simplified balance equations are solved on a subgrid level to model the subgrid mixing and reactions. The model has been successfully applied to many different combustion applications, including gas turbines, 44, 67 afterburners, 68 scramjets, 69 and multiphase explosions. 70 In LES-PaSR, each LES cell is considered to consist of reacting fine structures (denoted by an asterisk, *) and surroundings (denoted by a superscript zero (0)), interacting through the simplified balance equations ρ ̅ ( (1 ) ( , )
The filtered reaction rates can generally be expressed in terms of a probability density function (PDF), p, such that 
(1 ) ( , , )
The reacting volume fraction (γ*) and the associated residence time (τ*) must be modeled to obtain a closed set of equations. This can be accomplished in many different ways; here, we use the model proposed by Sabelnikov and Fureby, 60 which is based on spatiotemporal intermittency, modeled as γ* ≈ τ c /(τ* + τ c ). The chemical timescale must be representative of the overall combustion reaction and is modeled by τ c ≈ δ u /s u , where δ u and s u are the laminar flame thickness and flame speed, respectively. The modeling of τ* is based on the observation that the fine structure area-to-volume ratio is given by the dissipative length scale, D = (νΔ/v′) 1/2 , which is determined by the viscosity (ν) and the subgrid velocity stretch (v′/Δ), where v′ is the subgrid velocity (v′ = k 2 /3), and that the velocity influencing these structures is the Kolmogorov velocity statistics of the dissipation, and thus also of small-scale mixing, which, in turn, is essential to the onset of chemical reactions.
The resulting LES equations are solved by a finite-volumebased code developed from the OpenFOAM C++ library, 73 which is based on an unstructured collocated finite volume method using Gauss theorem, together with a multistep timeintegration method. 74 Here, the time integration is performed using a semi-implicit second-order accurate two-point backward differencing scheme. Convective fluxes are reconstructed using multidimensional cell limited linear interpolation, whereas diffusive fluxes are reconstructed using a combination of central difference approximations and gradient face interpolation to minimize the nonorthogonality error. Here, a compressible version of the pressure implicit with splitting of operators (PISO) method 75 is employed to discretize the pressure− velocity coupling, using the thermal equation of state. The combustion chemistry is separately integrated, based on a Strang-type operator-splitting scheme, 76 using a Rosenbrock time-integration algorithm. 77 The scheme is second-order accurate in both space and time, and the equations are solved sequentially, with iteration over the explicit source terms, with a Courant number restriction of ∼0.5.
LES of Premixed Planar Flames in Homogeneous Isotropic
Turbulence. The computational studies are carried out for a CH 4 −air turbulent premixed flame propagating in homogeneous isotropic turbulence. The computational domain is a box with a side length of 32 mm, is initialized with an isotropic turbulent velocity on which a planar flame, separating reactants and products, and is superimposed. Periodic conditions are applied to the domain boundaries orthogonal to the flame and wave-transmissive conditions 78 are used at the inlet and outlet, with an inlet velocity of v(y,z,t) = s u e x + w′(y,z,t), in which e x is the unit vector in the x-direction and w′ represents a synthetic turbulence field. To avoid the flame propagating toward the inlet and outlet boundaries, the entire computational domain is allowed to move with the flame so that the flame is always within the computational domain. For this study, we have selected two premixed flame configurationsCase 1 and Case 2, respectivelybelonging to different regimes in the Borghi diagram. 79 For both cases, the equivalence ratio for the CH 4 −air mixture is fixed to 0.60, resulting in a laminar flame speed of s u ≈ 0.13 m/s and a flame thickness of δ u ≈ 0.28 mm, without microwave assistance. The turbulence is generated using the forcing scheme of Eswaran and Pope, 80 utilized, for example, by Fureby et al., 81 to generate homogeneous isotropic turbulence. The turbulence characteristics are obtained from integrating the energy spectrum, E(κ,t), so that 79 For Case 1, the integral scale ( I ) is resolved by 17 cells, the Kolomogorov scale ( K ) is almost resolved by one cell, and the laminar flame-thickness (δ u ) is barely resolved by one cell. For Case 2, I is resolved by 12 cells, K is underresolved by a factor of 5, and δ u is barely resolved by one cell. This means that Case 1 can be considered to be a wellresolved LES and Case 2 can be considered to be an ordinary LES. All LES were operated for ∼3 eddy turnover times, I /v′, following ref 83. Note that microwave irradiation leads to an increase in s u (a decrease in τ ιgn ) and a decrease in δ u , and therefore a decrease in v′/s u , followed by an increase in I /δ u . This results in the turbulent flames typically shifting toward lower v′/s u and higher I /δ u values in the Borghi diagram with increasing E/N. Figure 11 a−f show results from the LES computations of the six different cases listed in Table 3 , respectively. More specifically, these figures show volumetric renderings of the temperature, together with iso-surfaces of the second invariant of the velocity gradient tensor (λ 2 ), after ∼2 eddy turnover times ( I /v′). The flames propagate from the hot product mixture (left) toward the cold reactant mixture (right). From the instantaneous temperature renderings of Figure 11 , the differences between Case 1 and Case 2, in terms of flame topology, are evident and are essentially maintained under microwave irradiation. The flame in Case 1 is characterized by a strongly wrinkled but rather thin flame front, depicted on the top surface of the computational domain, in terms of CH contours, which, in addition, is observed to accommodate several twisting flame tongues reaching into the cold unburnt mixture. Occasionally, these flame tongues can split off. Multiple, instantaneous thin reaction sheets are created in a zone where products and reactants coexist, resulting in a wider flame brush (∼5δ u ). The expression of K a > 1 suggests that the smallest eddies (if resolved) penetrate into the flame. The flame in Case 2 shows a muddled appearance with different flame topologies that are interacting and split off pockets that burn vigorously. This results in a very thick flame brush (∼20δ u ), with an intrinsic flame structure. The results imply that chemical reaction rates play a less-dominant role in determining the burning rates, but rather that the turbulent mixing rates control the rate of combustion. From these results, it is also evident that there is only a very small difference in temperature, flame structure and flow between the cases characterized by E/ N = 0 Td and E/N = 70 Td. Cases 1b and 2b both reveal an increased turbulent flame speed over Cases 1a and 2a, respectively, since the hot product mixture has advanced further into the cold reactant mixture. Cases 1c and 2c (E/N = 80 Td) reveal a further increase in the turbulent flame speed, which, however, appears significantly smaller than the corresponding increase in laminar flame speed of almost 150% in Figure 8a .
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Based on the CH front propagation, we can approximate the turbulent flame speed (s T ) for the different cases. For Cases 1a and 2a (with E/N = 0 Td and s u = 0.13 m/s), the turbulent flame speeds are s T ≈ 0.68 and 1.71 m/s, respectively, resulting in s T /s u ≈ 5 and 13, respectively. These flame speed ratios are in general agreement with turbulent flame speed data. 84 For E/ N = 70 Td, the results of this CH front propagation show that the turbulent flame speeds are s T ≈ 0.75 and 1.82 m/s for Cases 1b and 2b, respectively, so that, with s u ≈ 0.19 m/s, as a result of the microwave irradiation, s T /s u ≈ 3.9 and 9.6, respectively. For E/N = 80 Td, the results of the CH front propagation shows that the turbulent flame speeds are s T ≈ 0.95 and 2.06 m/s for Cases 1b and 2b, respectively, so that, with s u ≈ 0.28 m/s, as a result of the microwave irradiation, s T /s u ≈ 3.4 and 7.4, respectively. Therefore, for Case 1, the increase in s T due to microwave irradiation is 10% at E/N = 70 Td and 40% at E/N = 80 Td, whereas, for Case 2, the increase in s T due to microwave irradiation is 6% at E/N = 70 Td and 20% at E/N = 80 Td, while the corresponding increases in s u for Cases 1 and 2 are 58% and 116%, respectively. These results suggest that the influence of microwave irradiation is larger for laminar flames than for turbulent flames, and that the relative influence of Energy Fuels XXXX, XXX, XXX−XXX microwave irradiation decreases with increasing turbulence intensity. The reason for the latter is that the higher the turbulence intensity, the smaller the influence of the chemical kinetics in determining the overall turbulent reaction rate. However, the radical pool also persists for high turbulence levels and hence, precludes quenching. The influence of microwave irradiation can also be illustrated by comparing the volumetrically averaged composition of species, as illustrated in Figure 12 . Compared to the laminar case (Re = 0) shown in Figure 12a , the two turbulent cases (Re = 129 and 967), shown in Figure 12b , show distinct turbulence mixing effects with more CO 2 , O, and OH, and less CO, CH 3 , H, CH 2 O, and HCO. While, in the laminar flame case, the composition is fairly similar for E/N = 70 and 80 Td; the turbulence results in a larger effect of E/N and more variation with E/N. It is also interesting to note that the amount of O 2 * and O 3 is less influenced by the turbulence at E/N = 80 Td, compared to E/N = 70 Td; for the lower E/N, the more turbulent case results in comparably low concentrations of the microwave-induced species. Generally, it is found that there are less intermediates and radicals in the turbulent flames than in the laminar flames, but that the intermediates and radicals typically increase in concentration with increasing E/N. These observations together suggest that combustion, on average, is more complete in the two turbulent cases, although the increase in s t is less than the increase in s u . The primary reason for that is the decrease in τ ign , which, in the case of turbulent flames, competes with the turbulent mixing timescale.
4.3. Experiments and LES of a Turbulent Low-Swirl Flame. The next level in complexity is to consider a turbulent low-swirl flame 85 offering a reasonable compromise between simplicity and flow complexity. The low-swirl flame was exposed to microwave radiation inside an aluminum cavity with optical access. For this case, both experiments 37, 38 and LES computations 38 have previously been carried out, but here a more comprehensive joint experimental and computation analysis is provided, to get an estimate of the turbulent flame speed enhancement.
Experimental and Computational
Configuration. An overview of the experimental setup is seen in Figure 13a , including a burner, a microwave generator, and surrounding equipment, as well as lasers and optics. The low-swirl burner used in this study (shown in Figure 13b ) is an extension of the original design proposed by Bedat and Cheng 86 for studying premixed flames propagating in turbulence. Premixed fuel and air is fed to a settling chamber, containing perforated grids to ensure a uniform mixture, below the burner (not shown). A pipe transports the mixture through the coflow arrangement surrounding the burner. Ahead of the swirler, two perforated plates are located to disintegrate any large turbulent structures formed in the pipe. The swirler consists of an outer part, with eight swirl vanes, and an inner part, which consists of a perforated plate that allows for a certain portion of the flow to pass through the swirler section without gaining swirl. The resulting reactant flow is divergent, thus creating an inner lowvelocity region in which the flame is stabilized. In the experiments, the coflow and combustible air flow were controlled by mass-flow controllers from Thermal Instruments and Bronckhorst, respectively. The flame was operated with a Reynolds number of Re = 20 000 and at two different equivalence ratios: one close to lean blow-off conditions (ϕ = 0.58) and a more stable case (ϕ = 0.62), having theoretical powers of ∼24 kW and ∼27 kW, respectively.
The low-swirl burner is covered by a cylindrical aluminum cavity with a diameter of D = 300 mm, with one mesh located at each end to keep a confined volume for the microwaves (Figure 13c) . Amplitudes of the incident and reflected microwave radiation were measured to estimate the microwave power that is absorbed by the flame. The position of the mesh located at the top of the circular aluminum cavity is adjustable, to allow optimization of the microwave mode pattern, with relation to the flame position.
Planar laser-induced fluorescence (PLIF) of OH was performed with and without microwave stimulation of the flame. Hydroxyl excitation was performed using a frequencydoubled Nd:YAG/dye system (Quantel), using a CCD camera with an external intensifier (Hamamatsu) to capture the OH PLIF signal. The camera was equipped with a UG 11 filter and a f = 100 mm fused silica lens (Carl Zeiss F/4.0). Twodimensional particle imaging velocimetry (PIV) was used to characterize the flame mapping up-averaged velocity components in the center plane of the burner nozzle. The PIV measurements were performed using a double-cavity diode pumped kHz Nd:YLF laser (Dantec, Model DualPower 1000-30), along with a high-speed camera (SpeedSense 311, 1MP, 3250 fps). A narrow band (±10 nm) filter was placed in front of the camera to discriminate flame chemiluminescence. Velocity fields were extracted from the PIV data using the DynamicStudio software (v. 4.15).
The computational setup consists of a coarse 3.6 million cell hexahedral cell mesh, displayed in Figure 13d . At the walls of the swirler, adiabatic no-slip boundary conditions are used, whereas at the outlet, located 0.5 m downstream of the nozzle, wave-transmissive conditions 87 are applied. The swirler inflow is divided into an outer part and an inner part, for which fixed mass flows are specified, whereas outside of the swirler, the coflowing air is modeled as laminar. To examine the sensitivity to the spatial resolution, a topologically identical grid with ∼7.0 Energy Fuels XXXX, XXX, XXX−XXX million cells have been tested. The microwave modal pattern was computed using COMSOL Multiphysics modeling software, 88 using the same dimensions of the aluminum cavity as in the experiments. This results in a mode just above the burner nozzle, encapsulating the base and core of the flame. The LES computations are set up so that the microwaveenhancing reactions (reactions 56 and 69−76 in Table 2 ) are only active within the modal pattern, whereas the reactions controlling the CH 4 −air combustion are active also outside of the pattern.
An analysis approach enabling extraction of a reaction progress variable, c, for the location of the flame front, based on experimental PLIF data, was implemented. About 500 OH-PLIF single-shot images were analyzed in Matlab in each sequence to estimate the position of the flame front with and without microwave stimulation. The average flame front position was estimated by forming c from the OH−PLIF data, where the c = 0.5 contour was determined. This is the position where OH signal is detected in 50% of the evaluated OH PLIF images. The processing scheme for c (for experimental data) was evaluated by performing edge detection of the progress variable data to construct a synthetic CH 2 O signal. This analysis and evaluation method is described in detail in the Appendix. From the LES computations, the progress variable c was computed based on the temperature, following conventional practice, 62 so that c = (T̃− T u )/(T b − T u ), resulting in values of c = 1 in the hot burnt gases and c = 0 in the cold fresh reactants.
Experimental Results and LES Predictions.
Next, the results from experiments and LES predictions are presented and discussed. Experimental details for similar conditions have been presented in a previous publication by Ehn et al., 37 and experimental data and LES were further discussed in another publication by the same group. 38 The authors presented averaged OH-and CH 2 O-PLIF data in this publication showing a distinct increase in OH-PLIF signal with microwave stimulation, as well as a broadening of the flame. Furthermore, the averaged PLIF images indicated that the flame was displaced with microwave stimulation, in that it moved closer to the burner nozzle. The experimental and LES results presented below are further analyzed to estimate the relative change in axial burning velocity around the central axis of the burner geometry. Figure 14a show a series of experimental high-speed chemiluminescence video images of a flame subject to instantaneous microwave absorption for 3 ms. The intensity of the flame chemiluminescence apparently increases with microwave absorption. This absorption could be somewhat irregular, as discussed in our previous work. 37 This is apparent in Figure 14a , where the flame becomes more luminous and expands in volume as it starts to absorb microwave energy. The strength of the reduced electric field in the experiments could not be determined, but further understanding of the effect of increasing field strength was obtained from LES. Microwave stimulation is implemented in the LES model by additional E/ N-dependent reactions, as described in Section 2. The effect of increasing microwave stimulation can thus be systematically investigated. Figures 14b−e show volumetric renderings of the heat release for different reduced electric field strengths. The absolute heat release at the flame front is not significantly increased with microwave stimulation. Thus, the increase in heat release that follows with increasing reduced electric field strength is due to a larger flame volume, which is seen in Figures 14b−e.
Combustion LES data of the overall effect of microwave stimulation on the flame is seen in Figure 15 Figure 13b) , where the flow passing through the swirler mixes with the flow passing through the perforated plate in the center of the burner. Because of Kelvin−Helmholtz structures and the high Re number, this develops into turbulence, which creates vorticity and strong radial velocities that, further downstream, interacts with the unsteady flame front. Farther out in the swirling jet, the flame is pushed downstream. A certain amount of fuel mixes with the surrounding air prior to the reaction zone and is diluted beyond the flammability limit. In agreement with experimental results, the LES show a clear widening of the flame with increasing microwave stimulation, and also a flame stabilizing closer to the burner nozzle. This indicates that the LES model, in combination with the skeletal reaction mechanism, is capable of capturing the dominating mechanism by which the electrical field strength influences the combustion chemistry and the turbulent flow. Figure 16 show contour plots of the mean or time-averaged progress variable, c, without and with microwave stimulation for experiments at ϕ = 0.58 (Figure 16a) , and LES at ϕ = 0.60 (Figures 16b−e) . From experiments, as well as from LES predictions, it is evident that the flame is located closer to the burner rim with microwave stimulation compared to without microwave stimulation. The flame front, which is defined as c = 0.5, is in the experimental analysis located at distances of 0.94D and 0.88D above the burner rim for the flame at ϕ = 0.58 without and with microwave stimulation, respectively. This is significantly further away from the burner rim, compared to previous experiments on the low swirl burner without 
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Energy Fuels XXXX, XXX, XXX−XXX microwave stimulation, where the flame location was ∼0.6D above the burner rim, 89 as accurately predicted by the LES. This difference in flame position is caused by the grid used to contain the microwaves in the experimental setup. The grid cannot easily be incorporated into the LES predictions and, therefore, the absolute position of the experimental and LES flames cannot be compared; however, the comparison is based on the relative difference in flame location, as a result of microwave stimulation. In the LES predictions, the flame front is located at distances of 0.60D for E/N = 0 Td, 0.59D for E/N = 60 Td, 0.57D for E/N = 70 Td, and 0.55D for E/N = 80 Td, thus showing a gradual increase in flame stimulation with increasing E/N. The relative difference in flame location was estimated from the experimental data to be ∼5%−7% for ϕ = 0.58 and 2% for ϕ = 0.62. The simulations showed relative differences of 2%, 5%, and 9% in flame location, at ϕ = 0.60, for the E/N = 60, 70, and 80 Td cases, respectively. (See Table 4 for a summary of experimental and computational results for the low-swirl burner.)
The validity of the mean progress variable processing and analysis was evaluated by comparing the synthetic CH 2 O signal (for further details, see the Appendix) with averaged CH 2 O-PLIF data. This analysis was performed on the data from the leaner flame (ϕ = 0.58), since the flame displacement is more significant here. The experimental data are shown in Figure 17a , and thecorresponding cross-sectional profiles along the centerline, both without and with microwave stimulation, are shown in Figure 17b . Similarly, averaged synthetic data are shown in Figure 17d with cross-sectional profiles displayed in Figure 17c . The synthetic CH 2 O data merely display signal at the outer part of the flame and do not reproduce the actual CH 2 O signal that is produced in the post-flame. Hence, the signal peak 70 mm The color shadings for T range from opaque white, to yellow, to orange and red, to semitransparent black, using a linear mapping from 5% to 95% of the peak value. Similarly, the color shadings for Y CH 4 range from opaque dark green to semitransparent white, using a linear mapping from 5% to 95% of the peak value. Energy Fuels XXXX, XXX, XXX−XXX downstream of the burner nozzle is not seen in the synthetic signal, which only should include the actual flame front position. The CH 2 O and OH measurement data are not synchronized and, therefore, the cross-sectional profiles does not fully correspond to each other but the averaged position and displacement due to microwave stimulation seem to be accurately described by the synthetic data. This good agreement between experimental and synthetic data indicates that the mean progress variable processing and analysis is reliable for the experimental data. The axial velocity along the centerline has been determined from measurements both without and with microwave irradiation, and is also readily available from the LES computations (see Table 4 ). Experimental and computational velocity profiles show distinct plateaus where the premixed flame is located. This is caused by the balance between (downward) flame propagation and (upward) convective transport of the reacting CH 4 −air mixture such that v x e x = s T e x , where e x is the unit vector in the x-direction and s T the turbulent flame speed. Comparing the experimental axial velocities with and without microwave irradiation suggests an ∼50% increase in s T in the axial direction for ϕ = 0.58 and an ∼7% increase in s T for ϕ = 0.62 (cf Table 4 ). The corresponding results from the LES predictions are 44% for E/N = 60 Td, 56% for E/N = 70 Td, and 127% for E/N = 80 Td. For comparison with the cases of the planar flames in homogeneous isotropic turbulence discussed in Section 4.2, we note here that v′/s u ≈ 4 and /δ u ≈ 40, such that D a ≈ 10 and K a ≈ 1.2, placing this flame approximately in the upper part of the corrugated flamelet regime. Therefore, this low-swirl burner flame is comparable to Case 1 in Table 3 . The microwave irradiation increases s u , so that the irradiated flames shift toward lower v′/s u and higher I /δ u in the Borghi diagram, making them more flamelet-like and gradually more amenable to microwave irradiation.
The large difference in s T between the experimental flames with ϕ = 0.58 and 0.62 could be explained by different reduced electrical fields at the flame front. The electric field strength that is emitted by the microwave generator in the very lean flame (ϕ = 0.58) is ∼40% higher than that for the lean flame (ϕ = 0.62). Both flames were exposed to E/N just below electric breakdown but, unfortunately, it is not possible to determine the value of E/N.
The flow field of the flame with and without microwave stimulation is expected to be somewhat different. However, the difference is small, since the change in axial velocity is smooth along the center axis in the location of the determined flame fronts. The data acquired for the very lean case (ϕ = 0.58) should be treated with some care, since it is a rather small flame for which the flame position to some extent is affected by competing effects. However, to the best of the author's knowledge, the current data represent the best experimental estimation of turbulent flame speed enhancement that is due to microwave stimulation at this point.
To further elucidate the chemistry responsible for flame enhancement by microwave stimulation, the composition of the LES flames are investigated. Figure 18 presents volumetric renderings of several key species in simulated flames in a reduced field of E/N = 70 Td. CH is found in a thin wrinkled layer in the flame front (Figure 18a ), together with OH and O (Figures 18b and 18c) . In the LES, the chemical reactions of species produced as a result of microwave enhancement are active throughout the flame and, therefore e, O 2 *, and related species (such as O 3 ) are present in the entire flame volume, as represented by O 2 * in Figure 18d . As found in the present and previous studies, CH 2 O production is enhanced by the microwave irradiation, in Figure 18e , it is apparent that Table 2 ), multiplying the number of electrons and producing ions. The electrons will then react with O 2 (reaction 69 in Table 2 ), CH 4 (reaction 73 in Table 2 ), O 2 + (reaction 77 in Table 2 ), and CH 4 + (reaction 79 in Table 2 ) to create an early radical pool. In addition, O 2 * will be produced via reaction 56 in Table 2 , which further increase the radical pool. The radicals will increase the reactivity of the unburnt gas mixture and make it ignite earlier and stabilize the flame closer to the burner. Figure 19 presents reaction path diagrams, including the 12 most important species for laminar flames at different stages in combustion, corresponding to different unburnt fuel fractions, and thus representative of the chemistry at different positions in the turbulent flames. The sequence of fuel breakdown from CH 4 to CO 2 via intermediate hydrocarbons are the same for all three cases, and so is the presence of O and OH. Figure 19a , representing an early stage in the flame, has CH 4 + and e among the 12 most important species, which signify the importance of the electron impact ionization reaction subset mentioned in the discussion of Figure 18 and, in particular, reaction 75 in Table 2 (CH 4 + e ⇒ CH 4 + + e + e) multiplying the electrons. At the later combustion stages, represented by Figures 19b and 19c , not all CO production proceeds via CH 2 O, but rather, via CH 2 and CH, which appear among the important species; these contribute directly to CO production. In the case of an unburnt fuel fraction of 50%, the production of electrons from CH also plays a significant role, whereas for the case where most of the fuel has been burned (Figure 19c ), the electrons are no longer among the 12 most important species. At the latest stage, O 3 again appears to be important, but it is less strongly connected to CH 3 O, compared to the first case, which can be expected since, at this late stage, the hydrocarbon chemistry is less pronounced.
CONCLUDING REMARKS
The current work involves unique experimental data concerning flame enhancement, as a result of microwave irradiation, in combination with an extensive analysis of the chemistry using a new kinetic mechanism suitable for LES of microwavestimulated combustion. Few experimental studies on microwave-enhanced combustion exist, and the experiments that have been performed suffer from the fact that the quantification of many parameters, such as the reduced electrical field strength (E/N), have not been experimentally determined. This means that all simulations presented in this work have not been experimentally confirmed; however, in the development of the kinetic mechanism, this was partly compensated for via validation against experimental and previous modeling targets for various conditions of selected chemistry sets. Here, the skeletal kinetic mechanism was therefore thoroughly validated, which is presented in detail, and used for simulations of microwave-enhanced flames at different levels of complexity; laminar premixed flames, premixed flames in homogeneous isotropic turbulence, and a turbulent low-swirl flame. The lowswirl case was experimentally and computationally investigated. The overall goal of the study was to investigate the relative increase in flame-speed enhancement and attempt to understand the underlying chemistry, as well as how the chemical effects interact with turbulence for microwave-stimulated flames. We do not attempt to make absolute quantification of the effect of microwave stimulation on the various types of flames.
From laminar flame simulations, it is clear that increasing the electric field strength (below the dielectric breakdown) results in increasing reactivity and, thus, faster flame propagation, reduced ignition times, and increased resistance to extinction. As homogeneous isotropic turbulence of different strength was introduced, it became clear that the increased turbulence partly overrides the increased chemical reactivity and the enhancement flame reactivity is less pronounced, compared to the laminar flame case.
Thorough analysis of experimental data and LES for the microwave-enhanced low-swirl flame confirmed previous findings 37, 38 that the flame is broadened and move closer to the burner, as a result of microwave stimulation. In addition, the new analysis resulted in the axial velocity component being determined to increase by ∼50% in experiments on a flame near the lean blow-off limit (ϕ = 0.58), but only ∼5% for a slightly richer flame. These large differences are likely a result of the two flames being exposed to different electric field strengths, which, at this stage, is not possible to quantify or control experimentally. Corresponding analysis of the LES flames subject to different reduced electrical fields showed a nonlinear increase of axial velocity with increasing E/N, which is in agreement with simulation of laminar flames. The dependence on E/N investigated computationally is such an important factor in further understanding of microwave- Figure 19 . Reaction path diagrams with 12 important species at ϕ = 0.6 for E/N = 70 Td, corresponding to a point in the flame where (a) ∼10%, (b) ∼50%, and (c) ∼90% of the fuel is consumed.
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Energy Fuels XXXX, XXX, XXX−XXX stimulated combustion, that future experimental studies should be designed with the objective of controlling this fundamental property. Analysis of chemical reaction paths reveal that reactions involving oxygen are dominating the microwave-enhanced chemistry, with singlet oxygen, O 2 *, as a key player resulting in increased concentrations of, among other species, the important radical OH. At an early stage, where the fuel (CH 4 ) is abundant, the corresponding ion (CH 4 + ) is important for multiplication of the number of electrons driving the microwave-enhanced chemistry.
These results illustrate how microwaves can be utilized to stimulate turbulent combustion, which suggests possibilities for applications in combustion enhancement and control. Previous investigations have shown increasing absorption of microwave radiation by the flame when the microwaves are pulsed, 90 which seem to be the obvious way of perusing this line of research and development. The ability to increase absorption would be of interest, from an energy conversion perspective, for steady stimulation of running combustion under leaner conditions, whereas lower absorption would still be beneficial for counteracting thermo-acoustic oscillations.
■ APPENDIX
The processing scheme for c was evaluated by performing edge detection of the progress variable data to construct a synthetic CH 2 O signal. This synthetic CH 2 O signal was then compared to the actual CH 2 O signal for the measurement case to verify that the position of the synthetic and actual CH 2 O signal agree at the central axis of the burner.
The first step of selecting the OH distribution used for c was threshing of the OH signal. The threshold value was selected to 15% of the OH signal peak found right after the flame front. The flame is operated under lean conditions close to the point of lean blowoff, causing colder air to entrain the post-flame region. This gas transport interferes with the post-flame and disturbs the supersaturated OH distribution in this region. A processing routine for filling in these holes in the OH distribution downstream of the flame front were applied on each PLIF image to merely focus on the lower parts of the flame, where the actual flame front is located. Each OH-PLIF image resulted in a binary image (B OH ) that described the OH distribution in the flame cup. A distribution of OH occurrence was formed by averaging the binary images. A pixel value of 1 represents a location that is within the post-flame region for all evaluated images, whereas a value of 0 represents an area that is located in the unburned region for all the PLIF images that was evaluated. The contour of the region in the image with a value of 0.5 is estimated as the flame front, since half of the evaluated images have OH present in this region. The edge of the OH signal was estimated by using a convolution filter on the binary images (B OH ) that was used to estimate c. The idea behind such an operation is to form a distribution that covers an area that is slightly larger than that of B OH . This will define the location of the OH edge just outside of the OH distribution, which is the location of the CH 2 O distribution (that is seen in the flame cup of the low-swirl flame). The convolution filter was a Gaussian kernel (40 × 40 pixels) with a full width at half-maximum (fwhm) that corresponds to 1 mm in the image. The Gaussian kernel is convolved with B OH , forming S OH , which has an edge at the flame front that is a step response function to the Gaussian kernel. The location of the actual CH 2 O signal is found ∼0.5−0.6 mm outside of the OH distribution. This location is found where S OH is between 0.05 and 0.1. A second binary image, using the condition 0.05 < S OH < 0.1, where formed to locate the position of the synthetic CH 2 O signal in each of the OH-PLIF images. This new binary image is denoted B CH 2 O . Finally, the width of the experimentally determined CH 2 O signal is ∼1 mm. A similar width of the synthetic CH 2 O signal is arranged by convolving B CH 2 O with the Gaussian kernel (that has a fwhm of 1 mm).
A comparison between experimental and synthetic data is displayed in Figure A1a and A1b, respectively. As expected, based on the analysis methodology, the experimental data show more details, especially in the post-flame region, where synthetic data would just indicate error in the mean progress variable analysis scheme. 
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